Jet production and jet substructure modification in heavy-ion collisions have played an essential role in revealing the in-medium evolution of parton showers and the determination of the properties of strongly-interacting matter under extreme conditions. It is imperative to extend these studies to include flavor tagging and to devise observables that are sensitive to the partonic origin of jets. The average jet charge, defined as the momentum-weighted sum of the electric charges of particles inside the jet, is a proxy of the electric charge of the quark or gluon that initiates the jet. We demonstrate how the factorization framework of soft-collinear effective theory can be generalized to evaluate the jet charge in a dense strongly-interacting matter environment, such as the one produced in nuclear reactions at collider energies. Observables that can separate the contribution of in-medium branching from the trivial isospin effects are identified and their connection to established jet quenching effects is elucidated. We present predictions for the transverse momentum dependence of the jet charge distribution in nucleus-nucleus collisions and its modification relative to the proton case.
I. INTRODUCTION
Jet production in hadronic collisions is a ubiquitous and well-studied process in Quantum Chromodynamics (QCD) [1] . A new level of precision in the calculation of jet observables and insights into the substructure of jets has been achieved using the techniques of soft-collinear effective theory (SCET) [2] [3] [4] [5] [6] . In collisions of heavy nuclei, the cross section and substructure of jets are modified by the formation of parton showers qualitatively different than the ones in the vacuum [7] . These phenomena, generally known as "jet quenching", provide a promising avenue to study the properties of the quarkgluon plasma produced in heavy-ion collisions. In the past decade, tremendous effort has been devoted to the experimental measurements and theoretical descriptions of jet production and jet properties in such reactions. The time is ripe for more differential studies that single out the production of jets of particular flavor. Some level of discrimination between inclusive jets and quark jets can be achieved via away-side photon tagging, which helps isolate the inverse Compton scattering process in QCD. Initial studies focused on the momentum imbalance distribution of vector boson-tagged jets in nucleusnucleus (A+A) relative to the proton-proton (p+p) collisions [8] [9] [10] [11] [12] [13] [14] [15] . More recently, the jet substructure modification of photon-tagged predominantly quark jets has been compared to the corresponding modification of inclusive jets [16] [17] [18] . Ultimately, we would like to understand the modification of individual flavor jets, such as up-quark jets or down-quark jets.
Up quarks, down quarks and gluons carry different electric charge. Even though the electric charge of a quark or a gluon cannot be directly measured, it can be estimated from the charge of jets initialed by the corresponding hard partons. The jet charge is defined as the transverse momentum-weighted sum of the charges of the jet constituents [19] Q κ,jet = 1
where the sum runs over all particles in the reconstructed jet with transverse momentum p jet T . Q i and p i T are the electric charge and the transverse momentum of particle i. Here, κ is a free parameter with the requirement that κ > 0. We will later show that it can be chosen to enhance the sensitivity to medium-induced parton shower effects for the individual flavor jet charge.
Jet charge measurements date back to the late 70s and the early 80s [20] [21] [22] . This observable has found a variety of applications, such as identifying the charge of b-quark jets [23] [24] [25] [26] [27] [28] [29] , and the W -boson charge [30] [31] [32] [33] for a wide array of Standard Model measurements. Using dijet events, the jet charge distribution has been measured at the Large Hadron Collider (LHC) by the ATLAS and CMS collaborations [34] [35] [36] [37] . In particular, the ATLAS measurements reported in Ref. [35] extracts the average up-quark and down-quark jet charges as a function of jet p T . The positive (up-quark jet) and negative (downquark jet) electrically charged jets can be clearly distinguished, and the measurements also confirm the scale violation of the quark jet charge predicted by Refs. [38, 39] , which reads
whereP(κ) is the (κ + 1)-th Mellin moment of the leading order splitting function. This is the main motivation to extend this observable to heavy-ion collisions.
In the SCET framework it was found [38, 39] that the jet charge can be written as the product of the jet matching coefficients and the non-perturbative fragmentation function in proton-proton collisions. Furthermore, for narrow and well-separated energetic jets, the jet charge is independent of the hard process. Assuming that soft correlations are negligible, the gluon jets always give zero jet arXiv:1908.06979v1 [hep-ph] 19 Aug 2019 charge because the contributions from quarks and antiquarks generated by gluon splitting cancel out. The jet charge can be used to separate the quark jets from antiquark jets and to distinguish the quark flavor, as a recent study [40] using modern machine learning techniques has shown. Note that jet charge has to be defined at the level of hadrons and hadronization effects must be taken into account.
The jet charge distribution is a particularly interesting and, in fact, complex observable. Measurements of jet charge can enhance our understanding of nuclear modification in heavy-ion collisions, including initial-state and final-state effects. First, the fractions of up-quark and down-quark jets in A+A collisions are significantly modified when compared to the ones in p+p collisions due to isospin effects. The jet charge distribution is very sensitive to the flavor properties, which can be used to constrain the global-fit nuclear parton distribution functions (PDFs), for example nCTEQ15 PDF sets [41] . While isospin effects are rather trivial, there aren't many ways to accurately test them. The quark flavor composition and electric charges affect the cross sections for direct photon production [42] [43] [44] [45] . Precise knowledge of these effects is essential to uncover initial-state inelastic processes in cold nuclear matter that can further modify the cross sections for particle and jet production and manifest themselves in correlations between the soft particles produced in the collision event [46, 47] .
Second, medium-induced parton showers affect the propagation of quark jets and gluon jets in dense QCD matter differently because of the different color charges. The stronger suppression of gluon-initiated jets reduces the "dilution" of the jet charge, as gluon jets carry zero average charge. In heavy-ion collisions this differential quenching can affect other jet substructure observables as well [16] .
Finally, the evolution of the jet function and fragmentation functions is also modified in the QCD medium [48] [49] [50] . This is certainly the most interesting effect in the modification of the jet charge. Given the fraction of different types of jets and the measurements of the jet charge distribution, as was done in Ref. [35] using different rapidities, the scale violation parameter of the upquark or down-quark jet can be extracted. It is determined by the (κ + 1)-th Mellin moment of the mediuminduced splitting function shown in Eq. (2). This will provide a unique and non-trivial test on the evolution of energetic partons in a QCD medium.
With this in mind, we embark on a theoretical study of the jet charge in heavy-ion collisions. We note that very recently simulations of the jet charge in nucleusnucleus reactions were presented in Ref. [51] , fully relying on Monte-Carlo event generators. In this work our goals are somewhat different -we present a framework for perturbative calculations of the jet charge in heavy-ion collisions and its modification relative to proton collisions building upon the approach developed in Refs. [38, 39] . In analogy to the vacuum case, the medium corrections to the jet function are constructed with the help of the medium-induced splitting functions [52] [53] [54] [55] [56] that capture the full collinear branching dynamics of energetic parton evolution in a QCD medium. A similar application of the medium-induce splitting functions can be found in Refs. [57, 58] . In addition to the jet function, in heavy-ion collisions the evolution of the fragmentation functions is controlled by the full splitting function P ij → P ij + P med ij [49, 50] . As mentioned earlier, initial-state effects are considered using the global-fit nuclear PDFs. Finally, we discuss how the medium-induced shower evolution effects on the jet charge can be disentangled from the more trivial isospin and jet quenching effects.
In the following section we review the calculation of the average jet charge in proton-proton collisions in the framework of SCET. The extension to the heavy-ion collisions is present in section III using the in-medium splitting functions. Numerical results are contained in section IV. We conclude in section V. A derivation of the jet function and the calculated fraction of different flavors of jets are enclosed in the appendices.
II. THE JET CHARGE
Following Refs. [38, 39] we first briefly review the calculation of the average jet charge. The average charge for gluon jets is zero if soft correlations are ignored, and we will work in this approximation. The average charge of a quark jet (q-jet) is given by
Here, Q h is the charge of the hadron inside the jet and z = p i T /p T is the corresponding momentum fraction. From the factorization of jet production in SCET [59] [60] [61] [62] [63] [64] [65] the average charge for q-jet can be written as
where J q (E, R, µ) is a jet function andJ(E, R, κ, µ) is the Wilson coefficient for matching the quark fragmenting jet function onto a quark fragmentation function. In Eq. (4) E is the jet energy, R is the jet radius, and µ is the factorization scale. The (κ + 1)-th Mellin moments of the jet matching coefficient and fragmentation function are defined as
The perturbative NLO k T -like jet function and the matching coefficients from the jet to the hadron can be found in Refs. [39, 62, 63] . Using dimensional regularization, we derived the jet matching coefficients Jin Appendix A. The non-perturbative fragmentation function D h j describes the probability to produce hadron h from a parton j and obeys the time-like DGLAP evolution equations. The evolution of the charge-weighted fragmentation functionD
whereP ij (κ) is the (κ + 1)-th Mellin moment of the NLO splitting function P ij
where −1 arises from the plus prescription. For a given κ, the jet charge depends on only one non-perturbative parameterD Q q (κ, µ 0 ). Notice that Q κ is free of the scale µ up to the perturbative order that we employ.
III. JET CHARGE MODIFICATION IN HEAVY-ION COLLISIONS
In heavy-ion collisions, jet production receives medium-induced modifications. As discussed in the introduction and seen in Eq. (4), the jet charge is modified through the medium-induced corrections to the jet function, jet matching coefficient, and the fragmentation functions. The jet functions J i andJ ij are constructed using the medium-induced splitting functions. The fragmentation functions and their evolution in Eq. (6) are also modified in the QCD medium.
A. Medium-induced splitting functions
Propagation of partons in QCD matter adds a medium-induced component to the parton showers that characterize simpler reaction, such as e + + e − , e + p and p + p. The in-medium branching processes relevant to shower formation can be calculated order by order in powers of opacity, or the mean number of scatterings in the medium. Relation of this technique to other approaches to evaluate inelastic processes in matter is discussed in Ref. [55] . The opacity expansion was first developed in the soft-gluon emission parton energy loss limit. At LHC energies early works [66, 67] found that the first order in opacity is a good approximation for jet quenching applications. Recently, the full splitting functions have been calculated analytically to higher orders in opacity [55, 56] , but their numerical evaluation remains computationally intensive. For these reasons we will use the medium-induced splitting functions up to first order in opacity and focus on light flavor jets. The complete sets of the massless splitting kernels to that order can be found in Ref. [53] . The real contribution to the splitting functions can be written as
where x is momentum fraction of parton j from the parent parton i and k ⊥ is the transverse momentum of parton j relative the parton i. The reader will note that in this paper we follow the standard high energy physics convention for the branching kinematics and soft gluon emission corresponds to the large-x limit.
As is the case with the vacuum splitting functions, the NLO full medium splitting functions include contributions with and without a real emission. This can be represented as a plus prescription regularized function in the limit x → 1 and a Dirac-delta function. For the case of q → qg the full splitting functions is defined as
With the choice to regularize the full expression, the coefficient function function A (k ⊥ ) is obtained using the flavor conservation sum rule,
The medium-induced splitting functions for q → gq channel is
The splitting functions for gluon initialed channels are not relevant to the jet charge calculations. For the convenience of readers, the application of the full set of the medium splitting functions and relations among them can be found in Refs. [49, 50] .
B. Medium modifications to the factorized jet charge calculation
We explicitly derive the vacuum jet function and jet matching coefficient in Appendix A. In analogy to the case of the vacuum function shown in Eq. (A5), the medium modifications are introduced by replacing the splitting kernels with the in-medium splitting functions. In the medium splitting kernel, the pole when x → 1 is regularized by the plus distribution function as shown in Eq. (9) . Because we can not use dimensional regularization to deal with the ultra-violate divergences in the medium sector, similar to the case of semi-inclusive jet functions [57, 58] , the medium correction to Jis calcu-lated using the medium-induced splitting kernel,
where the second line is the virtual corrections and the third line is the real corrections. The virtual corrections do not give a contribution to the matching coefficient and can be understood from flavor conservation and the connection between the flavor and electric charge of jets of fixed flavor. The medium correction to J qg is
where the integrals are defined in four-dimensional space time. As in Eq. (A6) the medium correction to the total quark jet function is
where in the second line we used the fact that P med,real q→gq
The collinear radiation in a QCD medium beyond leading order can be included through solving the mediummodified DGLAP equations. It has been used quite extensively in Refs. [49, 50, 54, 68] to describe hadron production and carry our resummation numerically in a strongly-interacting environment. In a QCD medium the evolution of the charge weighted fragmentation function becomes
whereP med(κ, µ) is the (κ + 1)-th Mellin moment of the medium splitting kernel
After combining all the medium-modified components of the expression together, the average jet charge in heavyion collisions reads
where we have expanded the medium-induced jet function and jet matching coefficient moment to first nontrivial order and χ is the opacity expansion parameter. For the medium correction to the jet function we obtain explicitlỹ
Note that in the medium the scale µ dependence is not cancelled after combining the jet function and fragmentation function. The scale choice is related to physical parameters, such as the transverse momentum p T of the jet and the jet radius R. As a result of non-local quantum coherence effects, medium-induced branchings depend on such energy and resolution scales that combine into the choice of µ. Up to NLO in QCD and first order in opacity, the scale dependence comes exclusively from the medium and can be written as
where the medium splitting functionP med(κ, µ) is approximately zero for very high energy jets. At the scale µ = p T R, the p T dependence of the jet charge is
where p T R ≈ 2E tan(R/2). 
IV. NUMERICAL RESULTS
In this section we present the numerical results for the jet charge distribution in p+p and Pb+Pb collisions. The average jet charge depends on the nonperturbative parameters which are the boundary conditions of Eqs. (6) and (15) . We set the initial scale of the vacuum evolution in Eq. (6) at µ 0 = 1 GeV. For the case of the medium evolution in Eq. (15), we evolve the fragmentation from Λ QCD = 0.2 GeV, where the vacuum splitting function (evolution) is set to be zero when µ < 1 GeV. This is possible since the splitting kernel is regulated by the thermal parton mass in the medium ∼ µ D . The scale of the QCD coupling in the medium splitting function is chosen to be k 2 ⊥ + µ 2 D where we take µ D = 0.75 GeV is the typical medium scale. The default jet scale is µ = 2E tan R/2 ≈ p T R. The fractions of different jet types are generated using LO matrix elements with CT14NLO [69] for p+p collisions and nCTEQ15 [41] for Pb+Pb collisions. For the latter case the energy loss approach is applied to calculate the modification of the fractions in the QCD medium [49] . Figure 1 shows the up-and down-quark jet charges as a function of jet p T in p+p collisions with √ s NN = 8 TeV. The average jet charge only relies on one non-perturbative parameter/boundary condition for a given κ and the jet type, which is obtained through PYTHIA8 [70, 71] simulations. The uncertainties are evaluated by varying the factorization scale µ in Eq. (4) by a factor of two, and we find that these scale uncertainties are small. The average jet charges for up-and downquark jets are well separated and the signs of the parent parton's charges are consistent with the ones of the jet charge. This property can be used for flavor discrimination and quark/anti-quark jet discrimination. The absolute value of the jet charge decreases with κ, as expected from the definition in Eq. (1). The predictions agree very well with the measurements by ATLAS [35] , even though the data have large experimental uncertainties.
In Fig. 2 we present the average jet charge distribution for the more forward jet and more central jet with κ =0.3, 0.5 and 0.7 in p+p collisions. Assuming that the sea quark contribution to the averaged charge is roughly zero, the charge of more forward/central jets is approximately
where f f /c q is the fraction of q jet for the more forward/central jets and Q κ,qi is the average charge for q i jet. Given the quark jet fractions and the measurements in Fig. 2 , the charge of up-and down-quark jet can be extracted, which has been done by the ATLAS collaboration [35] in p+p collisions, as shown in Fig. 1 . For the back-to-back dijet production, the kinematic cuts, which are used to calculate the fraction of quark and gluon jets, are discussed in Appendix B. The more forward and more central jets are the ones with a larger and smaller absolute value of rapidity in dijet productions, respectively. The valence quark contribution to the jet is enhanced for the more forward jet, especially in the high transverse momentum region. As a result, the average jet charge for the more forward jet is larger. The shapes in Fig. 2 are mostly determined by the p T distributions of the jet flavor fractions. The overall predictions agree well with the available experimental data from Ref. [35] . The predictions can be improved with more precise calculation of the fractions, which is beyond the scope of this paper as we primarily aim to calculate the jet charge in ultra-relativistic nuclear collisions. In heavy-ion collisions, we define the non-perturbative factor asD
where in a QCD medium the vacuum splitting function in Eq. (15) is set to be zero when µ < 1 GeV as discussed before. The medium modified jet charge is calculated from Eq. (17) . This brings us to an important proposed measurement that we present in Figure 4 -the modification of individual flavor jet charge in heavy-ion versus proton collisions. As an example, we show the medium modifications to the up-quark jet charge. Because the only difference between the up-and down-quark jet charges is the nonperturbative parameters/boundary conditions, the modifications of the down-quark jet can be obtained through
The importance of this observable is that it eliminates the initial-state isospin effects and helps reveal the effects of the final-state medium-induced parton shower on the jet functions and fragmentation function evolution. Thus, it is not surprising that the medium corrections are larger for smaller energy jets where the medium-induced splitting functions are more important. When κ is large the (κ + 1)-th Mellin moment of the medium splitting function is more sensitive to the soft-gluon emissions. In the QCD medium jets trend to radiate more soft gluons, in comparison to the vacuum. As a result, as shown in Fig. 4 the modification is larger with a large κ, as illustrated by the inclusion of numerical results for κ = 1, 2. As discussed in Eq. (20) , the measurements of average up-quark or down-quark jet can be used to study the (κ + 1)-th Mellin moment of the medium-induced splitting function. By comparing Figure 3 to Figure 4 we see that there is a tradeoff between the increased sensitivity to the in-medium modification of the individual jet charge and its absolute value.
The measurement of individual flavor jet charges will require, without a doubt, excellent statistics, experimental advances, and innovation. The average jet charge for the more forward and central jets should be measured relatively straightforwardly in heavy-ion collisions. For very large p T jets initial state effects are most important, the ratio between Pb+Pb and p+p collisions is almost independent on κ.
At moderate and low p T the effect of in-medium parton showers on the jet charge also pays a role. Our numerical results are given for values of κ = 0.3, 1, 2 and show clear sensitivity to medium-induced parton shower effects at jet transverse momenta under 200 GeV. We conclude that measurements of this observable over a wide kinematic range can provide insight into the interplay of initial-state and final-state effects in ultra-relativistic nucleus-nucleus collisions.
V. CONCLUSION
In summary, we developed a theoretical framework to evaluate the jet charge distributions in heavy-ion collisions. Our work builds upon the SCET approach, where the jet charge observable can be factorized into perturbatively calculable jet functions, perturbative evolution equations, and the non-perturbative fragmentation functions. This factorization formula was validated phenomenologically through comparison between theory and recent measurements of the jet charge distributions in p+p collisions at the LHC.
In heavy-ion collisions, the jet functions, jet matching coefficients, and the evolution of the fragmentations are constructed with the help of the medium-induced splitting kernels derived in the framework of SCET with Glauber gluon interactions. Specifically, we implemented splitting kernel grids to first order in opacity computed in a viscous hydrodynamic background to simulate QCD matter produced in heavy-ion collisions and demonstrated how the jet charge observable can be calculated with controlled theoretical precision.
The great utility of the jet charge observable is in the ability to discriminate between jets of various flavors, for example up-quark jets and down-quark jets, as well as carry out quark jet and anti-quark jet separation. With this in mind, we showed that the jet charges for various flavor jets remain distinct even in the heavy-ion environment. The modification of the jet charge of distinct flavor jets can provide novel insight into the Mellin moments of medium-induced splitting functions and the in-medium evolution of the then non-perturbative fragmentation functions. We further found that the moment parameter κ in the definition of the jet charge can be used to optimize the sensitivity to the in-medium evolution effects or the magnitude of the observable.
We further presented theoretical predictions for the average jet charge without flavor separation for the more forward and central jets for dijet production in heavyion collisions, which can be measured at the LHC and RHIC. For very high transverse momentum jets the nuclear modification is dominated by initial-state isospin effect, as was also found in a recent Monte-Carlo study [51] . For intermediate and small transverse momenta parton showers induced by QCD matter can play an important role in the average jet charge modification. Thus, we suggest that studies of this observable in the kinematic range covered by the future sPHENIX experiment at RHIC can also be quite illuminating.
The jet charge definition is independent on the hard process, however different hard processes can change significantly the fraction of quark or gluon jets. In addition to dijet production, average jet charge can be measured in vector boson plus jet production, or heavy flavor jet production in proton and heavy-ion collisions. We finally remark that in the future this observable can also be studied at an electron-ion collider. We will show here how to calculate the jet matching coefficient in the vacuum (q → qg channel), with an emphasis on a representation which is useful to define the medium corrections.
The amplitude for the q(p + l) → q(p)g(l) splitting is given by
where d is the number of dimensions and ω is the large lightcone component of the parent parton. C F = 4/3 and N c = 3 for SU c (3). The phase space integral that we need to perform with d = 4 − 2 reads
where s is the invariant mass of the jet
We obtain the NLO matching coefficient as follows
where s max = 4x(1 − x)E 2 tan(R/2) 2 depends on the jet radius R. It can be also written in the following form
where 0 < l ⊥ < 2x(1 − x)E tan(R/2). The utility of this representation is that the jet matching coefficients Jin Eq. (A5) is expressed in the form of the integral of the splitting kernel, which is the starting point to construct the medium corrections. After performing the l ⊥ integration we obtain the same matching coefficient as defived in Refs [39, 62, 63] . The total jet function can be calculated from the expression The fractions of the different jet types are simulated using LO matrix element for dijet production with CT14NLO PDFs [69] for proton and nCTEQ15 PDFs [41] for lead. The jet is reconstructed with the antik T R = 0.4 algorithm. We choose the events with at least two jets satisfying p T > 50 GeV and |η| < 2.1. In order to clearly match the hard-scattering quark or gluon to outgoing jet we impose a cut on the ratio of the leading and subleading jet's transverse momenta p lead T /p sublead T < 1.5. The same kinematic constraints were used by the measurements [35] at the LHC.
In heavy-ion collisions in addition to the initial-state effects, jets cross sections are suppressed, or quenched, due to the interaction with the hot QCD medium. We take this effect into account in the calculations that follow. 
